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Meteoritesa b s t r a c t
The globally-averaged concentrations of radioelements K and Th within Vesta’s regolith are determined
from gamma ray spectra acquired by Dawn’s Gamma Ray and Neutron Detector (GRaND). Spectra mea-
sured by GRaND’s bismuth germanate (BGO) scintillator, while in close proximity to Vesta, are analyzed.
Improvements in data reduction and analysis methods enable detection and quantiﬁcation of K and Th.
Ample precision is achieved using the entire data set acquired by Dawn during 5 months of low-altitude
operations. A simple, analytic model, which can be applied to measurements of Vesta and Ceres, is used to
determine radioelement concentrations from measured counting rates. Systematic errors in the analysis
are evaluated using simulated gamma ray spectra for representative vestan meteorite compositions.
Concentrations of K and Th within Vesta’s global regolith, measured by GRaND, are consistent with
eucrite-rich howardite, and are distinct from most achondrites, all chondrites, and Mars meteorites.
The K/Th ratio of Vesta (900 ± 400) is similar to the average ratio for howardite (approximately 1200).
These radioelement data, along with major element ratios determined by nuclear spectroscopy, strongly
support the hypothesis that Vesta is the parent body of the HEDs. The depletion of moderately-volatile
elements implied by the measured K/Th ratio is consistent with early accretion of Vesta from a hot,
incompletely condensed solar nebula and/or, less likely, subsequent removal of volatiles by energetic col-
lisions or degassing of magmas.
 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Asteroid 4 Vesta is the likely parent body of the howardite,
eucrite, and diogenite (HED) meteorites. Because these basaltic
achondrites have similar petrology, geochemistry, chronology,
and oxygen-isotope compositions, most HEDs originated from a
single parent body (Consolmagno and Drake, 1977; Keil, 2002;
McSween et al., 2011; Mittlefehldt et al., 2013). The HED–Vesta
connection is supported by a close spectroscopic match betweenVesta and the HEDs (McCord et al., 1970; Binzel et al., 1997;
Gaffey, 1997; Li et al., 2010) and a viable mechanism for their
delivery to Earth (Binzel and Xu, 1993; Vilas et al., 2000; Burbine
et al., 2001; Moskovitz et al., 2010). Studies of the HEDs show that
their parent body underwent igneous differentiation to form a
metallic core, ultramaﬁc mantle, and basaltic crust (Righter and
Drake, 1997; Ruzicka et al., 1997; McSween et al., 2011, 2013a,
2013b).
One of the main objectives of the NASA Dawn mission was to
test the Vesta–HED connection hypothesis and provide geologic
context for the HEDs (Russell and Raymond, 2011; McSween
et al., 2013b). Dawn acquired over a year’s worth of data in close
proximity to Vesta (Russell et al., 2012), enabling detailed studies
of Vesta’s composition, geology, geomorphology, and internal
structure (e.g., McCoy et al., 2015; Schenk et al., 2012; Williams
et al., 2014; Yingst et al., 2014; Jaumann et al., 2012; Ermakov
et al., 2014). Measurements in the visible to near-IR (VIS–NIR) by
Dawn’s Framing Camera (FC) and VIS–NIR spectrometer (VIR)
validated the spectroscopic link between Vesta and the HEDs
Nomenclature
Acronyms, abbreviations, and terms
BGO bismuth germanate, Bi4Ge3O12 (scintillator)
EDR experimental data records (raw spectra with minimal
processing)
Current the rate of particles crossing through a surface parcel in
a selected direction, given by the product of ﬂux and co-
sine of the crossing angle
Depth depth beneath the surface can be expressed either in
terms of length (cm) or areal density (g/cm2). Areal den-
sity is given by the product of regolith density and
length.
FC Framing Camera
FEIR full energy interaction rate (area of the ‘‘photopeak’’)
Flux the rate of particles crossing through a unit area normal
to the ﬂow direction, given by the product of number
density and ﬂow speed
GCR galactic cosmic ray
GPAW GRaND Peak Analysis Widget
GRaND Gamma Ray and Neutron Detector
HED howardite, eucrite, and diogenite
Instrum. instrument
LAMO Low Altitude Mapping Orbit
MCNPX Monte Carlo N-Particle eXtended radiation transport
code
PDS Planetary Data System
RDR reduced data records (energy-calibrated spectra suit-
able for scientiﬁc analysis)
SBN Small Bodies Node of the PDS
VIR Visible to InfraRed mapping spectrometer
VIS–NIR visible to near infrared
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gravity data enabled Vesta’s interior structure to be determined,
providing constraints on core size and the thickness of the mantle
and crust (Russell et al., 2012; Ermakov et al., 2014), which are
needed to evaluate various hypotheses for thermal evolution
(Mandler and Elkins-Tanton, 2013; Toplis et al., 2013). In addition,
Dawn deployed a Gamma Ray and Neutron Detector (GRaND) to
measure and map the elemental composition of Vesta’s surface
(Prettyman et al., 2011). Elemental data were acquired during a
period of ﬁve months in a low-altitude mapping orbit (LAMO).
By way of introduction, we present a brief review of previous
GRaND observations of Vesta and their interpretation. The reader
should note that to date the only measurements of the elemental
content of Vesta’s regolith by GRaND directly comparable to mete-
orite compositions were of the Fe/O and Fe/Si ratios (Prettyman
et al., 2012). Recently published maps of Fe and elemental param-
eters were normalized to average howardite compositions
(Lawrence et al., 2013; Peplowski et al., 2013; Prettyman et al.,
2013; Yamashita et al., 2013). Measurements of the absolute con-
centrations of K and Th reported here provide another independent
measurement of Vesta’s elemental composition.
1.1. Previous GRaND observations
GRaND’s measurements of elemental composition provided an
entirely new view of Vesta, inaccessible to Earth-based observers.
The steady interaction of galactic cosmic rays with planetary sur-
face materials produces gamma rays and neutrons. Gamma rays
are also made by the decay of radioelements, such as K, Th, and
U. The spectrum of emitted gamma rays and neutrons conveys
information about the concentration of chemical elements in the
top few decimeters of planetary surfaces, independent of mineral
structure (e.g., Prettyman, 2014). Bulk elemental concentrations
determined by GRaND complement VIS–NIR spectroscopy, which
is sensitive to speciﬁc mineral components (e.g. such as Fe2+ in
pyroxene). GRaND integrates over all compositional phases,
including amorphous components and minerals not accessible to
VIS–NIR. Thus, GRaND elemental metrics can be compared directly
to meteorite whole-rock compositions.
Because GRaND’s response to radiation is omnidirectional, spa-
tial resolution depends on orbital altitude. In LAMO (with approx-
imately 210-km altitude), compositional variations on the scale of
300 km arc length on the surface can be resolved. GRaND’s
ﬁeld-of-view is smaller than the 500-km diameter Rheasilvia basin,enabling the composition of the basin ﬂoor to be measured sepa-
rately from other regions on Vesta. Nuclear spectroscopy is effec-
tive within about 1 body radius (BR) altitude. GRaND’s
measurements were distant (about 0.8 BR) in comparison to min-
imum altitudes of less than about 0.1 BR, achieved by other orbital
missions with nuclear spectrometers at the Moon, Mars, and
Mercury (e.g. Feldman et al., 2004; Saunders et al., 2004;
Peplowski et al., 2011). Consequently, the signal-to-background
ratio of measurements by GRaND was relatively low, which limited
the compositional information that could be extracted.
Furthermore, for mapping, new analytic methods were required
in order to correct for Vesta’s irregular shape (Prettyman et al.,
2011, 2012).
Global elemental concentrations (Fe/Si and Fe/O
weight-fraction ratios) determined by gamma ray spectroscopy
are consistent with HED whole-rock compositions, further
strengthening the link between Vesta and the HEDs (Prettyman
et al., 2012). Mapping of neutrons in the epithermal energy range
(approximately 0.5 eV to 0.5 MeV) revealed elevated concentra-
tions of H within Vesta’s ‘‘dark’’ (low-albedo) hemisphere
(Prettyman et al., 2012). The magnitude of H enrichment (up to
400 lg/g in some locations) determined by Prettyman et al.
(2012) was conﬁrmed by Lawrence et al. (2013) using fast neu-
trons (>0.5 MeV).
Possible sources of H were evaluated by Prettyman et al. (2012).
Comparison of solar-wind implanted Ne in regolithic howardites
and lunar regolith breccias provides a ﬁrm upper bound of
100 lg/g H delivered by solar wind; however, some howardites
contain dark, carbonaceous chondrite clasts for which H is found
in organic compounds and phyllosilicates as bound water and
OH. GRaND’s observed anti-correlation of H with albedo and the
presence of elevated H in equatorial regions, where water ice is
not stable, led Prettyman et al. (2012) to conclude that H was deliv-
ered to Vesta’s igneous surface primarily by the infall of carbona-
ceous chondrites. Mapping of OH (2.7–2.9 lm band) by VIR (De
Sanctis et al., 2012b) and high-resolution spectroscopic studies of
dark materials on Vesta (McCord et al., 2012; Reddy et al., 2012)
led to the same conclusion.
A combination of one or more large impacts and more gradual
accumulation of micrometeoroids and dust likely account for the
distribution of dark materials observed by Dawn (Turrini et al.,
2014). The low-velocity collisional environment and the presence
of C-type asteroids in the inner main belt (e.g. Bus and Binzel,
2002) and the occurrence of carbonaceous chondrite clasts in
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Zolensky et al., 1996) support the accretion of carbonaceous chon-
drites with minimal loss of water. Once mixed into the basaltic
regolith, an occasional energetic impact could devolatilize these
materials, perhaps leading to the formation of pitted terrain
(Denevi et al., 2012). Scully et al. (2015) postulate that gullies
and pits found in relatively young craters were formed as a result
of impacts into an icy subsurface. They argue that localized depos-
its of stable water ice could be present at depths greater than those
sensed by GRaND and VIR. Evidence for late-stage, ﬂuid-mediated
alteration is found in a very few HED meteorites (e.g. Mittlefehldt,
2015). In the case of brecciated basaltic eucrite Northwest Africa
5738, the ﬂuids that engendered the alteration are posited to have
been derived via devolatilization of a nearby mass of volatile-rich
impactor material in the megaregolith (Warren et al., 2014).
Fast neutrons, with kinetic energies greater than about 0.5 MeV,
are sensitive to the concentration of H and major, rock-forming
elements (Lawrence et al., 2013). Following the removal of vari-
ability caused by H, fast neutron counts depend on the average
atomic mass of regolith materials (Lawrence et al., 2013). Fast neu-
tron residuals were mapped by Lawrence et al. (2013), providing
constraints on major-elements with high atomic mass, such as
Fe. The high-energy gamma-ray continuum (>8 MeV) was found
to convey compositional information (primarily Mg and Fe)
(Peplowski and Lawrence, 2013). Peplowski et al. (2013) mapped
high energy gamma ray (HEGR) counts at Vesta. The distribution
of Fe was determined by the analysis of gamma rays produced
by the neutron capture with Fe (at 7.6 MeV) (Yamashita et al.,
2013). Prettyman et al. (2013) mapped the thermal neutron macro-
scopic absorption cross section using thermal and epithermal
neutrons.
The variability of mapped quantities (Fe, HEGR, fast neutron
residuals, and neutron absorption) is well-matched to that
expected if Vesta’s surface consisted of howardite. Neutron absorp-
tion was found to vary with the percentage of eucritic materials in
howardite, when modeled as a binary mixture of basaltic eucrite
and diogenite (orthopyroxenite), which is thought to be represen-
tative of Vesta’s regolith (Prettyman et al., 2013; Mittlefehldt et al.,
2013). Petrologic maps based on neutron absorption revealed high
concentrations of diogenite within the Rheasilvia basin and an
associated ejecta lobe, and high eucrite concentrations in Vesta’s
more ancient, dark hemisphere (Prettyman et al., 2013; McSween
et al., 2013a). Together, neutron absorption and Fe exclude the pos-
sibility of signiﬁcant olivine-rich mantle materials within dio-
genitic regions, consistent with VIS–NIR observations
(Ammannito et al., 2013; Beck et al., 2013). There is some evidence
for surface concentrations of relatively rare igneous rocks, such as
cumulate eucrites (Yamashita et al., 2013); however, Vesta’s rego-
lith as seen by GRaND is broadly consistent with a binary mixture
of basaltic eucrite and diogenite. Additional work is underway to
combine elemental metrics and mineral data for detailed petro-
logic mapping (e.g. Beck et al., 2015).
1.2. Radioelements
Long-lived, natural radioelements K, Th and U, made by stellar
nucleosynthesis, were incorporated into solid grains of dust as
the solar nebula condensed. The primary condensate grains were
modiﬁed in the nebula by processes such as formation of
calcium–aluminum-rich inclusions and chondrules (e.g. Scott and
Krot, 2014), and were ultimately accreted to form planetesimals,
from which the planets formed. Decay heat from radioelements
inﬂuenced the early evolution of small terrestrial bodies, such as
the Moon, and contributes to present-day magmatic processes on
Earth. K is moderately-volatile, with a condensation temperature
of 1000 K, whereas Th is refractory (Lodders and Fegley, 1998).Evidence from chondrites shows that fractionation of moderately
volatile from refractory elements was an important process affect-
ing solids in the solar nebula (e.g. Krot et al., 2014). Consequently,
the bulk K/Th ratio of a planetary body depends on the local tem-
perature of the solar nebula, gas–solid fractionation, and the tim-
ing of accretion. Subsequent large-scale processes on the
parent-body such as disruption and re-accretion by large impacts
may also have affected the K/Th ratio.
Both K and Th have large ionic radii and are not readily incorpo-
rated into the lattices of major silicate minerals. K and Th remain in
the melt until late in the crystallization process and tend to stay in
constant proportions throughout magmatic differentiation.
Although variations in K/Th can arise in igneous systems and sub-
sequent aqueous processing of basaltic materials (Taylor et al.,
2007), the K/Th ratio within the regolith and crust of terrestrial
planets is expected to be virtually identical to that of the bulk
planet.
Potassium contains a small amount of 40K (0.0117 atom per-
cent) (Rosman and Taylor, 1999). Potassium-40 decays by electron
capture to 40Ar, with a half-life of 1.3 Ga producing a gamma ray at
1.4608 MeV (Firestone, 1996; Reedy, 1978). Thorium is entirely
made up of 232Th, which has a half-life of 14 Ga. The 232Th decay
chain includes short-lived 208Tl in secular equilibrium with 232Th.
The 2.6146 MeV gamma ray produced by the decay of 208Tl is the
principal gamma ray from Th. Gamma rays produced by K and
Th decay can be measured from orbit around airless and
nearly-airless bodies and on the surface of planets with thick
atmospheres. The K/Th ratios of the terrestrial planets and the
Moon have been determined by gamma ray spectroscopy
(Vinogradov et al., 1973; Surkov et al., 1986; Prettyman et al.,
2006; Taylor et al., 2006, 2007; Peplowski et al., 2011, 2012), and
of the Earth through laboratory analysis of crustal rocks.
Pulse height spectra measured by GRaND’s BGO sensor during
the ﬁrst few weeks of LAMO were examined to determine whether
K and Th concentrations could be extracted. Thorium was not
detected and K was reported to be present in concentrations less
than 1000 lg/g (Prettyman et al., 2012). While this result is consis-
tent with low concentrations of K and Th in HEDs, greater precision
and accuracy are needed to determine whether Vesta’s K–Th con-
tent is similar to the HEDs or other meteorites (e.g. Wasson, 2013).
In this study, we return to the problem of measuring K and Th
using the full data set acquired during 5 months of LAMO and
improved data reduction and analysis methods. Global and regio-
nal analyses are presented along with an evaluation of sources of
random and systematic errors. Results are interpreted in compar-
ison to whole-rock meteorite compositions, with the aim of testing
the hypothesis that Vesta is the source of the HED meteorites and
understanding Vesta’s place among the rocky planets and plan-
etesimals of the Solar System.2. Methods
2.1. Data reduction
During the Vesta encounter, a time-series of gamma-ray pulse
height spectra was acquired by GRaND’s BGO scintillator during
15 months spanning approach through departure. Accumulated
spectra were recorded every 210 s during approach and every
70 s during LAMO. Experimental data records (EDR) are archived
at the NASA Planetary Data System (PDS) Small Bodies Node
(SBN). The EDR were subjected to corrections to produce a data
set suitable for scientiﬁc analysis. The reduced data records
(RDR) and a description of detailed processing steps can be found
at the PDS SBN (http://sbn.pds.nasa.gov/).
Fig. 1. The average spectrum acquired during approach (SA, far from Vesta) is
subtracted from the average spectrum acquired in LAMO (SLAMO, about 210 km
altitude) to determine the signal from Vesta in LAMO. Difference spectra D1 and D2
provide the best estimates of the signal from GCR interactions with Vesta’s regolith.
For D3 (LAMO-Approach), background contributions from radioelements within the
spacecraft and instruments are fully subtracted. Fitted peaks have been tentatively
identiﬁed and labeled with the target isotope for nuclear reactions, residual nuclei
from spallation (marked with asterisks, e.g. Reedy, 1978, 2012, 2013). Gamma rays
from the decay of natural radioelements 40K and 232Th are not fully resolved. The
background continuum was ﬁtted by a piecewise power law.
42 T.H. Prettyman et al. / Icarus 259 (2015) 39–52RDR processing removed corrupted data and spectra acquired
during solar energetic particle events. Only spectra acquired during
quiet Sun conditions were analyzed. Under these conditions, galac-
tic cosmic ray (GCR) interactions steadily produce gamma rays and
neutrons within Vesta’s regolith. Digitization artifacts were
removed from the remaining spectra, and gain/offset corrections
put each 1024-channel pulse height spectrum onto a common
energy scale (8.9 keV/channel). Gain corrections accounted for
small, short-term variations in gain due to changes in temperature
and other environmental factors. Reduction in gain over larger
time scales (e.g. from accrued radiation damage resulting in a grad-
ual darkening of the BGO crystal) was also corrected. Ancillary data
including the spacecraft position and pointing, the solid angle sub-
tended by Vesta at the spacecraft, measurement live time and a
proxy for the interaction rate for galactic cosmic rays (GCR) were
reported for each archived accumulation interval. The resulting
data set contains over 300,000 spectra.
2.2. Gamma ray spectra: separating Vesta from background
Because GRaND is a deck-mounted instrument, background
contributions from the spacecraft are relatively large. Background
sources include prompt radiation from GCR interactions with the
spacecraft and instrument, induced radioactivity from long-term
exposure of these materials to the space radiation environment,
and radioelements present as contaminants in engineering materi-
als (e.g. Peplowski et al., 2012). The signal from Vesta can be deter-
mined by subtracting the background spectrum measured far from
Vesta during the approach phase of the mission from the spectrum
measured in LAMO. The signal includes gamma rays escaping from
Vesta’s regolith as well as secondary particles, mainly neutrons,
originating from Vesta that induce gamma-ray production in the
instrument and spacecraft.
A background spectrumwas obtained by summing 33,000 spec-
tra acquired during Vesta approach with a total live time of 6 mil-
lion seconds. For LAMO, a global average spectrumwas determined
along with averages for four broad regions, including the poles,
Vesta’s ‘‘dark’’ hemisphere and its complement. To ensure consis-
tent measurement geometry, the LAMO spectra were ﬁltered to
remove data not pointed within 5 of Vesta body center. The result-
ing global average LAMO spectrum was determined from 68,000
spectra with a total live time of 4 million seconds.
The LAMO and approach spectra are shown in Fig. 1. The
7.6 MeV Fe capture gamma rays are clearly visible in LAMO. At
lower energies, differences between the LAMO and approach spec-
trum are difﬁcult to discern prior to subtraction. In order to mini-
mize the introduction of artifacts, the LAMO and approach spectra
must have the same energy calibration and pulse height resolution.
Otherwise, the difference spectrum could include false and/or dis-
torted peaks. Accurate energy calibration was facilitated by the
RDR processing; however, we found that the pulse height resolu-
tion (peak widths) for the approach and LAMO spectra were
slightly different. To account for this, the energy resolution of
the cumulative LAMO and approach spectra was matched by con-
volving them with energy-dependent Gaussian functions. As a
result, peaks in the difference spectra (Fig. 1) are broader than
those in the LAMO spectrum prior to background subtraction by
about 6%.
2.3. Difference spectra
The way in which the difference spectrum is formed depends on
the objectives of the analysis. For the analysis of GCR-induced
gamma rays, variations in the GCR background and shadowing of
the spacecraft by Vesta must be considered. GRaND’s
three-or-more coincidence (‘‘triples’’) counter is a proxy for theGCR ﬂux (Prettyman et al., 2011). Prior to subtraction, the
approach spectrum must be adjusted to account for changes in
the GCR ﬂux far from Vesta between approach and LAMO. In addi-
tion, shadowing by Vesta reduces the ﬂux of GCRs on the space-
craft, resulting in a commensurate reduction in spacecraft
background while in LAMO. Suppression of GCR interactions with
the spacecraft and instrument by shadowing is assumed to vary
in direct proportion to 4pX, where X is the solid angle sub-
tended by Vesta at the spacecraft. If the triples rate varied in direct
proportion to 4pX then the approach spectrum should be scaled
by the ratio of the average triples rate measured in LAMO (TLAMO) to
that measured during approach (TA) to simultaneously account for
variations in solid angle and time-variations in GCR ﬂux. The
resulting difference spectrum is given by
D1 ¼ SLAMO  SATLAMO=TA ð1Þ
where SLAMO and SA are the average spectra measured during LAMO
and approach, respectively (Fig. 1). The triples rate in LAMO was
lower than approach (TLAMO = 131 counts/s vs. TA = 143 counts/s).
Thus, the approach spectrum must be reduced by a factor of 0.92
prior to subtraction. However, during Mars encounter the triples
counts did not vary in direct proportion to shadowing by Mars
(Prettyman et al., 2011). The variation of triples with shadowing
included an offset perhaps resulting from triples events induced
by radiation (neutrons, gammas and charged particles) originating
from Mars. If the linear coefﬁcients derived for Mars are valid at
Vesta, then the difference spectrum is given by:
D2 ¼ SLAMO  SA TLAMOTA
að4pXÞ
að4pXÞ þ bX ð2Þ
where a and b are the linear coefﬁcients determined by Prettyman
et al. (2011) (a = 14.5 and b = 5.96, with units of counts/s/steradian),
and X is the average solid angle in LAMO (about 1.07 steradians). In
this scenario, the approach spectrum must be reduced by 0.88 prior
to subtraction.
Fig. 2. Simulated gamma ray spectra for howardites and howardites with added
carbonaceous chondrites (‘‘Models’’) are compared with measured difference
spectra (D1 and D2), which were multiplied by two for presentation. Selected
components of the gamma ray spectrum are shown for a howardite composition
(65% eucritic material). These include component spectra for Fe, O, Al, Mg, Si, K, Th,
and U. The interaction of neutrons with the instrument produces additional gamma
rays (labeled ‘‘Instr. n-c’’).
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tion without weighting of the approach spectrum: D3 ¼ SLAMO  SA.
This approach will remove any background contributions from K
and Th in the instrument and spacecraft, leaving only contributions
from Vesta. This latter spectrum D3 was analyzed using peak ﬁtting
methods to determine K and Th concentrations.
Global difference spectra for the three methods described above
are shown in Fig. 1. The magnitude of the difference spectrum, and
to a lesser degree its shape, is sensitive to the subtraction method,
especially at low energies. In Fig. 1, peaks have been ﬁtted to D3
and given tentative assignments. The continuum baseline varies
regionally as a power law. The full-width-half-maximum
(FWHM) of the peaks can be approximated by a logistic function,
FWHM ¼ f=f1þ exp½gðE E0Þg, where E is pulse height in MeV
and approximate parameters are f = 0.57 MeV, g = 0.61 MeV1,
and E0 = 3.9 MeV. The FWHM at 0.662 MeV is about 0.069 MeV
(about 10%), slightly higher than that measured during ground
testing of the ﬂight instrument. At high energy (>3 MeV), the
gamma ray peaks are much wider than expected if the FWHM var-
ied as the square root of energy. The cause of the deviation from
the ideal square-root of pulse height variation is unknown; how-
ever, it is not a result of differencing. The width for the O and Fe
lines at 6.1- and 7.6 MeV in the LAMO spectrum does not change
appreciably following subtraction of the approach spectrum.
2.4. Sensitivity of GRaND to K and Th
The sensitivity of pulse height spectra acquired by BGO to the
concentration of K and Th was assessed by modeling with the gen-
eral purpose Monte Carlo radiation transport code MCNPX (see
Appendix A). Fig. 2 shows simulated pulse height spectra (black
traces) for eight howardite compositions tabulated by Prettyman
et al. (2013), with basaltic eucrite content ranging from 10% to
94%. In addition, carbonaceous chondrite (CM) was mixed with a
howardite with 65% eucritic material to produce four additional
compositions with 1.25%, 2.5%, 5%, and 7.5% g/g CM. These are also
displayed as black traces to show the variability introduced when
up to 1000 lg/g H is added to howardite. The effect of added H is
most pronounced for the Fe 7.6 MeV capture gamma ray,
which increases in intensity when H is added in small quantities
(e.g. see Prettyman et al., 2012, 2013; Yamashita et al., 2013).
Neutron measurements give a lower bound on the global aver-
age hydrogen concentration of about 250 lg/g (Prettyman
et al., 2012), which corresponds to about 1.8% added model CM
material.
The simulated spectra contain contributions from gamma rays
produced in Vesta’s regolith by GCRs, and gamma rays induced
by leakage neutrons that interact with the instrument sensors
and structure. The spacecraft was not included in the model.
Only prompt gamma rays were simulated. For example, the contri-
bution of gamma rays made by the interaction of GCRs and sec-
ondary particles with selected elements is shown for a howardite
with 65% eucritic material (dot-dash, black traces). The contribu-
tion from neutron-induced gamma rays is indicated (‘‘Instr.
n-c’’). Although other particles escape from Vesta’s surface (e.g.
protons), neutrons were assumed to dominate gamma production
within the instrument. Contributions from radioactive decay are
also displayed for K, Th, and U (red,6 dashed traces). For illustration,
the same concentration of radioelements was used for all of the sim-
ulations shown in Fig. 2 (328 lg/g K, 297 ng/g Th, and 123 ng/g U,
Juvinas bulk composition from Table 16.18 of Lodders and Fegley,
1998). In addition, the simulated spectra have been ‘‘spiked’’ with6 For interpretation of colors in Figs. 1–5, the reader is referred to the web version
of this article.the 20Ne⁄ 1.6337 MeV gamma ray produced by spallation of Mg,
Al, and Si (Reedy, 1978), which is prominent in the data and is in
close proximity to the 40K 1.4608 MeV gamma ray.
The simulated spectra are compared with measurements for
which spacecraft background contributions from GCRs are prop-
erly subtracted (difference spectra D1 and, D2 Fig. 2). The general
shape of and magnitude of the modeled spectra and relative pro-
portions of gamma ray peaks (e.g. for Fe, O, C, and Si) are similar
to the measurements. Nevertheless, some peaks that appear in
the data are either absent or not prominent in the model. This is
particularly so at energies below 3 MeV, which contains gamma
rays from the decay of short lived radionuclides produced in the
surface and spacecraft that are not included in the model.
Nevertheless, for the purpose of estimating sensitivities, the mag-
nitude of the baseline continuum is of interest and is accurately
reproduced by the simulation.
The effect of adding K and Th to howardite (with 65% basaltic
eucrite) is illustrated in Fig. 3. This composition is similar to the
average for howardite, with about 2 parts basaltic eucrite to 1 part
diogenite (Warren et al., 2009). K and Th concentrations were
added in seven uniform increments, up to a maximum of
700 lg/g and 700 ng/g, respectively, roughly the range of concen-
trations expected for HED materials (red traces, Fig. 3). The
1.4608 MeV gamma ray from the decay of 40K, which is not fully
resolved, is nestled between the 1.3686 MeV peak, primarily made
by neutron inelastic scattering with Mg, and the 20Ne⁄ 1.6337 MeV
gamma ray.
The addition of a few hundred lg/g K and ng/g Th produces sig-
niﬁcant changes to the pulse height spectrum (Fig. 3), which
should be detectable given the long accumulation time during
LAMO. An assessment of the accuracy and precision of K and Th
extracted peak areas was carried out using simulated gamma ray
spectra. Modeled spectra for howardites and howardite with added
CM (shown in Fig. 2) were spiked with variable amounts of K and
Th, within the range of concentrations expected for HEDs. Random
variations due to Poisson counting statistics were modeled for
measurement times ranging from 3- to 4  106 s, similar to the
accumulation time in LAMO.
Fig. 3. A simulated spectrum for howardite (65% eucritic material) with
[K] = [Th] = 0 is shown (black). K and Th were added in seven steps bracketing the
range of concentrations expected for howardites (up to 700 lg/g and 700 ng/g,
respectively) to show how the gamma ray spectrum changes with their addition
(red traces). Intense gamma rays for K (1.4608 MeV) and Th (2.6146) produce
changes that should be visible in measured difference spectra. The dashed line
shows the approximate power law variation of the continuum.
Table 1
Centroids (Ecal), widths (FWHM), and net counting rates for gamma ray peaks
determined in the analysis of the global-average difference spectrum D3 (Figs. 1 and
4). For most peaks, primary sources of gamma rays have been identiﬁed. Their gamma
ray energies are listed (Eref) next to ﬁtted centroids. Alternative sources are indicated
for gamma rays produced by other reactions and for peaks that may contain
unresolved contributions. Deviations of the centroid pulse height from the primary
gamma ray energy (DE) may result from uncertainties in the energy calibration or
distortion introduced by differencing. The magnitude and pattern of deviations is
similar to that observed during ground testing (Prettyman et al., 2011). Some peaks















822 844 22 74 0.147 ± 0.008 27Al 56Fe (847)
885 896 11 77 0.095 ± 0.005 209Bi
983 1014 31 81 0.111 ± 0.004 27Al
1107 1130 23 86 0.043 ± 0.003 26Mg⁄
1191 1275 84 90 0.037 ± 0.003 22Na⁄
1277 1369 92 93 0.084 ± 0.004 24Mg⁄
1369 1461 92 96 0.064 ± 0.004 40K
(decay)
2151 2211 60 132 0.063 ± 0.010 27Al
2254 98 0.024 ± 0.008 1H (2223)
2387 116 0.010 ± 0.003 23Na⁄ (2391)
2484 128 0.003 ± 0.003 27Al (2506)
2645 2615 30 146 0.033 ± 0.003 232Th
(decay)
209Bi (2600)
2776 2754 22 158 0.037 ± 0.003 24Mg⁄ 209Bi (2741)
2971 3004 33 176 0.026 ± 0.004 27Al 27Al (2981)
3175 216 0.015 ± 0.007 28Si (3201),
27Al (3210)
3599 3684 85 441 0.049 ± 0.011 13C⁄ Multiple peaks
ﬁtted as one
3892 3927 35 241 0.019 ± 0.007 12C⁄
S.E.b
4431 4438 7 272 0.048 ± 0.004 12C⁄
a For neutron inelastic scattering, the target isotope is listed. Residual nuclei
made primarily by spallation reactions are marked with an asterisk.
b Single escape peak.
Fig. 4. The global average difference spectrum (D3) was ﬁtted to determine peak
areas for the 40K and 232Th peaks. A noticeable break in the slope of the continuum
occurs at the Ne–Si doublet. Consequently, the spectrum was divided into two
regions, which were analyzed separately. The continuumwas ﬁtted by a power law.
In the K region (0.748- to 1.5-MeV), all prominent peaks are identiﬁed by targets for
nuclear reactions (e.g. 27Al) and spallation products (e.g. residual 22Na⁄). The Th
region (1.9- to 4.8-MeV) contains some unidentiﬁed peaks. In the analysis of the
global spectrum, parameters for the peak width, peak centroids and areas, and
power law coefﬁcients were determined by a nonlinear least squares ﬁt to the data.
The difference between the measured and ﬁtted spectra is shown (weighted
residuals). The differences are less than 1.5 standard deviations in the measure-
ment. Additional peaks are not required to ﬁt the data.
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tical uncertainties using the GRaND Peak Analysis Widget (GPAW)
(Prettyman et al., 2011). The K peak area, which is proportional to
concentration, was determined by a nonlinear least squares proce-
dure in which parameters for the K peak, nearby overlapping peaks
and background were simultaneously determined. This required a
model for the local background continuum (‘‘baseline’’), which var-
ied roughly as a power law. The peaks were ﬁtted to Gaussians
with widths that varied with the square root of energy. The region
containing the 2.6146 MeV gamma ray from the decay of 208Tl (Th
decay chain) was similarly ‘‘untangled’’ from interfering peaks. For
example, the 2.754 MeV gamma ray from the decay of the 24Mg⁄
residual nucleus produced by various nuclear reactions, over-
lapped the Th gamma ray (see Table 1, Fig. 4).
The selection of regions was motivated by the analysis of spec-
tra acquired by GRaND at Vesta, described in the next section. The
K- and Th-regions were selected to be 0.75- to 1.55-MeV and 2.35-
to 4.9-MeV, respectively. The Th region has tie points within the
continuum on both sides; however, the K region has only one con-
tinuum tie-point at low energy. The 1.55-MeV upper boundary of
the K-region is in the valley between the Mg and Ne peaks, about
2r above the K-peak centroid at 1.4608 MeV (1r = 0.04 MeV).
Because this region does not have a ﬁrm tie-point in the continuum
on one side, the accuracy of the K-peak area depends on the valid-
ity of the power law assumption and the energy-dependence of the
width function determined from other prominent peaks in the
region by the ﬁtting procedure. A separate analysis using a single,
broad spectral region (1.1- to 3.3-MeV) containing the K and Th
peaks with continuum tie-points at both ends gave similar peak
areas for K and Th to the two-region analysis. Consequently, the
results are not very sensitive to the selection of the analysis
regions.
The analysis of simulated spectra showed that accuracy was the
main factor limiting total uncertainty. For K, a variation in bias (dif-
ference between the known and measured values caused by sys-
tematic errors) with concentration was observed. The extracted
peak areas were biased low by greater than 30% for concentrations
less than 500 lg/g. For samples with [K] > 600 lg/g, results were
accurate to within 10%. Extracted Th peak areas were generally
biased high with a mean difference of 30% (out of 10 samples ana-
lyzed), with no discernable compositional trend.
Table 2
Net peak areas for K and Th gamma rays are given for the global average spectrum
and spectra for selected regions: north (poleward of 60N); south (poleward of 60S);
dark hemisphere (latitudes between 30S and 30N, longitudes between 127.5E and
187.5E); and the region opposite the dark hemisphere (latitudes between 30S and
30N, longitudes between 262.5E and 322.5E). Longitudes are in the Claudia
coordinate system (Russell et al., 2012). The counting rates have been corrected for
solid angle to an equivalent altitude of 210 km.a The precisions are estimated 1r
statistical uncertainties.
Region Peak area (counts/min)
K (1.4608 MeV)
Global 3.86 ± 0.23
North 4.21 ± 0.60
South 4.08 ± 0.59
Dark hemisphere 2.97 ± 1.05
Opposite 3.14 ± 1.08
Th (2.6146 MeV)
Global 2.00 ± 0.18
North 1.74 ± 0.38
South 1.87 ± 0.38
Dark hemisphere 2.26 ± 0.69
Opposite 1.89 ± 0.70
a The average solid angles in steradians were 1.06752 (Global), 1.13811 (North),
1.05404 (South), 1.04691 (Dark hemisphere), and 1.06426 (Opposite).
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identiﬁcation, the energy dependence of the resolution function,
and the shape of the baseline. For example, in the analysis, the
Gaussian FWHM of the gamma ray peaks was assumed to vary as
the square-root of energy; whereas, for the simulated spectra,
the energy-dependence of the peak widths was modeled as a logis-
tic function. Omission of minor peaks, not visible in the spectrum
and other departures of the continuum from the assumed power
law shape, could also introduce errors. It is not possible to model
all sources of systematic error that could be present in the exper-
imental data. Thus, estimates of bias derived from simulated spec-
tra can be regarded as a lower bound.
2.5. Determination of K and Th peak areas
Globally-averaged difference spectra and spectra averaged over
selected spatial regions were analyzed to determine the areas of
the K (1.4608 MeV) and Th (2.6146) peaks. The ﬁtted parameters
(peaks and backgrounds) for the global spectrum are shown in
Fig. 4. The spectrum was divided into two energy regions in which
the baseline was assumed to follow a power law. The square of the
widths of the gamma-ray full-energy peaks (modeled as
Gaussians) was assumed to vary linearly with pulse height. This
roughly square-root of pulse height dependence is a reasonable
assumption for analyses of localized energy regions. With a few
exceptions, the initial peak centroids (pulse heights) were selected
based on known nuclear reactions. The 13C⁄ peak was ﬁtted with a
single Gaussian, even though the peak is broad and probably con-
tains contributions from more than one gamma ray. This does not
affect the determination of the Th peak area and simpliﬁes the
determination of baseline parameters. The centroids and parame-
ters of the function describing peak width were adjusted by the
least squares ﬁtting procedure. Table 1 lists ﬁtted centroids and
assigned gamma ray energies.
The selection of a power law for the baseline is justiﬁed by
modeling (this study) and high-resolution experimental data
(Yamashita et al., 2010; Goldsten et al., 2007); however, the
power-law variation of the difference spectrum baseline contains
a noticeable break at the Ne–Si doublet. The background below
the energy of the doublet is more steeply sloped than above that
energy. This motivated the division of the spectrum into separate
regions: 0.748- to 1.5-MeV for K; and 1.9- to 4.8-MeV for Th. The
abrupt change in the slope of the baseline is not seen in the simu-
lations (Fig. 3) and could result from distortion introduced by sub-
traction of the approach spectrum or additional sources of
background not included in the simulations. As a result, the base-
line for the K region does not have a continuum tie-point above the
K gamma ray. As discussed in the previous section, the selection of
the spectral regions is somewhat subjective and does not strongly
inﬂuence the results of the analysis.
The weighted residuals plotted in Fig. 4 show the difference
between the ﬁtted model and the data relative to the uncertainty
in the data. The differences are small (less than 1.5 standard devi-
ations); however, they contain high-frequency structure. Periodic
variations may be the result of artifacts introduced by the differ-
encing process (i.e., imperfect matching of the gain and resolution
of the approach and LAMO spectra and smoothing). The width of
these variations is smaller than expected for gamma ray peaks.
Thus, no additional peaks are needed to ﬁt the spectrum.
Fitted peak areas and estimated statistical uncertainties are
given in Table 2 for the global average and spectra accumulated
for different spatial regions. The parameters of the peak width
function and peak centroids were determined from the global
spectrum. These were ﬁxed in the analysis of spatial regions: The
only free parameters varied in the analysis of spatial regions were
peak areas and baseline power law coefﬁcients.3. Results
The concentrations of K and Th within Vesta’s regolith are pro-
portional to the counting rates (peak areas) for their respective
gamma rays (Table 2). Concentrations can be determined from
globally- or regionally-averaged spectra. A simple, analytical
model provides an accurate estimate of peak areas as a function
of the concentration of radioelements. The model is derived and
validated in Appendix A. The peak area (counts/s) for a selected
gamma ray is given by
R ¼ eA X
4p
P=l ð3Þ
where eA is the full-energy efﬁciency-area product of the BGO sen-
sor at the energy of the gamma (Prettyman et al., 2011), X is the
solid angle of Vesta averaged over all measurement locations, P is
the speciﬁc production rate of the gamma ray of interest (gamma
rays/s/g-regolith), and l is the gamma ray mass attenuation coefﬁ-
cient of the regolith (cm2/g). The model assumes that the regolith is
uniform with depth within a few gamma-ray mean free paths (to
depths of about 100 g/cm2). Numerical values for the quantities in
Eq. (3) are presented in Table A1. Eq. (3) yields
6.49  103 (counts/min)/(lg/g K) for the 1.4608 MeV gamma ray,
and 3.05  103 (counts/min)/(ng/g Th) for the 2.6146 MeV gamma
ray.
Concentrations of K, Th, and K/Th ratios determined from
globally- and regionally-averaged spectra are presented in
Table 3. The regional measurements are all within one standard
deviation of the global average. The absence of a spatial pattern
likely results from the interplay of spatial mixing by GRaND’s very
broad footprint (about 60 FWHM arc length on the surface) and
the precision of the regional data. For example, diogenites have
very low concentrations of K and Th in comparison to eucrites.
Thus, relatively low concentrations of K and Th would be expected
in the southern hemisphere, which includes the extensive
diogenite-rich, howardite terrane within the Rheasilvia basin
(McSween et al., 2013a; Prettyman et al., 2013; Ammannito
et al., 2013). However, the spectrum for the southern region also
includes contributions from eucrite-rich regions at lower latitudes.
Sampling of the basin interior can be improved by excluding lati-
tudes near edge of the basin; however, this results in reduced mea-
surement precision. Attempts to reﬁne analysis regions did not
Table 3
Concentrations of K, Th and the K/Th ratio are presented for selected regions: north
(poleward of 60N); south (poleward of 60S); dark hemisphere (latitudes between
30S and 30N, longitudes between 127.5E and 187.5E); and the region opposite the
dark hemisphere (latitudes between 30S and 30N, longitudes between 262.5E and
322.5E). Estimated 1r statistical uncertainties indicating the precision of the
measurements are shown. The total uncertainties are dominated by systematic
errors. Thus, the adopted total uncertainties are much larger than indicated in the
table (30% for K, 40% for Th, and 50% for K/Th; see Section 3). Longitudes are in the
Claudia coordinate system (Russell et al., 2012).
Region K (lg/g)
Global 595 ± 35
North 649 ± 93
South 629 ± 91
Dark hemisphere 458 ± 162
Opposite 484 ± 167
Th (ng/g)
Global 657 ± 59
North 571 ± 125
South 614 ± 125
Dark hemisphere 742 ± 227
Opposite 620 ± 230
K/Th
Global 906 ± 98
North 1136 ± 296
South 1025 ± 256
Dark hemisphere 617 ± 288
Opposite 780 ± 394
Fig. 5. Scatter plot of K and Th concentrations for HED compositions, selected
achondrites (angrites, ungrouped basaltic achondrites, and a single mesosiderite),
and chondrites compiled by D.W. Mittlefehldt (Prettyman et al., 2012,
Supplementary Information). SNC meteorites (Lodders and Fegley, 1998) and
analyses of K-rich spherules found in some howardites (Barrat et al., 2009) are also
plotted. Vesta’s global average is plotted for comparison (this study). Error bars
indicate total measurement uncertainty. The slope of the trend line is the average of
the K/Th ratios of the plotted howardites (1200 ± 100). The trend line has no offset.
For the plotted howardites, the average concentrations of K and Th were
223 ± 13 lg/g and 216 ± 15 ng/g, respectively (green circle).
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we concluded that the data are not sensitive to spatial variations
of K and Th. Global average measurements of K and Th concentra-
tions are interpreted in the discussion that follows.
Based on the analysis of simulated spectra using MCNPX (see
Section 2.4), the systematic errors in extracted peak areas should
be lower than 30% for 600 lg/g K and around 30% for Th.
Statistical uncertainties for the global average concentrations of
K and Th are much smaller than 30% (Table 1). The experimental
data may contain additional sources of uncertainty, not included
in the simulations.
For example, the Th peak may contain additional contributions
from the interaction of neutrons from Vesta with 209Bi in the BGO
scintillator. Neutron inelastic scattering with 209Bi produces a
prominent gamma ray at 0.896 MeV, which appears in the global
difference spectrum (Table 1 and Fig. 4). This reaction also makes
a gamma ray at 2.600 MeV (gamma transition from the seventh
energy level of 209Bi), which cannot be resolved from the 232Th
2.6146 MeV gamma ray. Thus, the counting rate for the Th peak
may be biased high. The MCNPX simulations of neutron interac-
tions with GRaND do not show a prominent 2.600 MeV peak; how-
ever, hand calculations of the counting rate of the 0.896 MeV
gamma ray relative to the 2.600 MeV gamma ray, given tabulated
cross sections and an estimate of the neutron energy distribution,
indicate that the 2.600 MeV could contribute up to 30% of the
counts in the Th peak. Removal of this contribution would result
in a 30% increase in the K/Th ratio.
This analysis shows that systematic errors dominate the total
measurement uncertainty. For comparison of concentrations with
other data sets, we adopted total measurement uncertainties of
±30% for K and ±40% for Th. Larger errors were assigned to Th
due to the potential interference by 209Bi. The adopted errors imply
a relative uncertainty of about 50% in the K/Th ratio.4. Discussion
The global average K and Th concentrations determined by
GRaND are compared to HED meteorite whole rocks and otherselected meteorites (Fig. 5). The HEDs are divided into their main
petrologic types. Eucrites are basalts and gabbros that formed the
upper crust of the HED parent body. These consist mostly of pigeo-
nite and plagioclase. Diogenites are coarse-grained, ultramaﬁc
rocks consisting of Mg-rich orthopyroxenites, harzburgites, and
less frequently, dunites (Barrat et al., 2008; Beck and McSween,
2010; McSween et al., 2011; Mittlefehldt, 2015). Diogenites are
thought to be excavated from the lower crust or upper mantle,
and were formed by accumulation of orthopyroxene with variable
amounts of olivine from maﬁc magmas. Howardites and polymict
eucrites are fragmental- and regolith-breccias, primarily mixtures
of diogenite and basaltic eucrite (e.g., Mittlefehldt et al., 2013;
Warren et al., 2009). The polymict eucrites contain greater than
90% eucrite fragments (see Mittlefehldt, 2015 and references
therein).
K and Th are incompatible in the major phases crystallizing
from maﬁc magmas; however, K can be incorporated into pla-
gioclase. Because of this, the K and Th contents of diogenites,
which are plagioclase poor, are very low. Most gabbroic eucrites
were formed by fractionation of pigeonite and plagioclase from
a maﬁc magma with little of the parent magma being trapped
in the cumulate. Consequently, their K and Th contents are
also low. Higher concentrations of K and Th are found in basal-
tic eucrites because these represent melt compositions. The
HEDs scatter around a trend line (Fig. 5), with a slope given
by the mean K/Th ratio of howardites (about 1200) and zero
offset.
Most of the achondrites plotted in Fig. 5, other than HEDs, are
angrites and these plot below the howardite trend line. Angrites
are highly alkali-depleted basalts thought to originate early from
a small, differentiated asteroid (Keil, 2013). Some ungrouped
basaltic achondrites have similar K and Th values to howardites.
They are compositionally and petrologically similar to basaltic
eucrites, but small isotopic differences suggest they might be from
distinct asteroids (e.g. Mittlefehldt, 2015; Scott et al., 2009). The
carbonaceous-, ordinary-, and enstatite-chondrites (the latter two
are indicated as ‘‘other chondrites’’ in Fig. 5) have elevated K/Th
and are distinct from most achondrites. Similarly, SNC meteorites,
thought to originate from Mars, have higher alkali-element con-
tents than HEDs and plot off the HED trend.
Fig. 6. K/Th ratio for the terrestrial planets, including the Moon and Vesta, plotted
as a function of their current heliocentric distance. Sources: Mercury by MESSENGER
(Peplowski et al., 2011, 2012); Venus by Venera and Vega (Surkov et al., 1986;
Lodders and Fegley, 1998); Earth bulk silicate composition (Lodders and Fegley,
1998); Moon by Lunar Prospector (Prettyman et al., 2006); Mars by 2001 Mars
Odyssey (Boynton et al., 2007; Taylor et al., 2006, 2007); Vesta by Dawn (this
study); and HEDs compiled by D.W. Mittlefehldt (Prettyman et al., 2012,
Supplementary Information); and K-rich spherules (Barrat et al., 2009). K/Th ratios
and uncertainties for all but the Moon and Vesta are averages of tabulated data. For
Lunar Prospector, K/Th is given by the slope of the best ﬁt line to K and Th data
mapped on 5 equal area pixels (Prettyman et al., 2006).
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are consistent with eucrite-rich howardites, polymict eucrites,
and basaltic eucrites (Fig. 5). Within error bars, the measured ves-
tan K/Th ratio is the same as the average for howardites. Given that
K/Th is highly variable between different chondritic and achon-
dritic meteorite groups, this result strongly supports the link
between Vesta and the HED meteorites. In this respect, we note
that Fe/O and Fe/Si values determined by Prettyman et al. (2012),
while consistent with howardite, are skewed toward diogenite
and cumulate eucrite compositions; however, the major element
ratios overlap eucritic compositions within 2r uncertainties.
Given the quoted analytic errors for K and Th, Vesta’s regolith con-
tains more basaltic eucrite than would be expected if the
howardite-average were representative of Vesta’s surface.
Not all howardites show chemical and petrological indicators
for exposure in the true regolith, but those that do tend to be more
eucrite-rich (Cartwright et al., 2013, 2014; Mittlefehldt et al., 2013;
Warren et al., 2009). These so-called regolithic howardites are sug-
gested to possibly represent the ancient, well-mixed regolith
(Warren et al., 2009). However, cosmic-ray-exposure ages for
HED meteorites strongly cluster suggesting that most HEDs were
derived from between 2 and 5 impact events on their immediate
parent object, either Vesta or one or more vestoids (e.g. Herzog
and Caffee, 2014; Mittlefehldt, 2015). Thus, while the HED clan is
the largest suite of achondrites in our collections, they might not
be truly representative of the vestan surface. In this regard, the
K/Th ratio is a more signiﬁcant metric than are absolute concentra-
tions of the two elements.
Elevated K and Th could be caused by systematic errors not con-
sidered in our analysis. For example, the principal gamma ray
peaks for K and Th may contain interfering peaks from nuclear
reactions not identiﬁed in the analysis of low-resolution spectra.
For example, if the Th peak were contaminated by gamma rays
from neutron inelastic scattering with 209Bi, then the concentration
of Th could be biased high by as much as 30%. Reducing Th by 30%
would bring the absolute concentration and K/Th ratio closer to the
howardite average (Figs. 5 and 6); however, this adjustment is
within the adopted errors for Th. Improved modeling of vestan
leakage radiation and instrument backgrounds, including delayed
gamma ray sources, along with the application of spectral unmix-
ing methods (e.g. Prettyman et al., 2006), could increase the accu-
racy of the analysis.
If the concentrations of K were correct, but Th was signiﬁcantly
lower than reported, that might signal the presence of K-rich
lithologies on Vesta. Barrat et al. (2009) found enhanced concen-
trations of K in glass spherules in Saharan howardites (Fig. 5).
Many of these spherules could be explained by impact melting of
typical HED lithologies (Singerling et al., 2013). Instead, Barrat
et al. (2009) proposed that these formed by impact melting of
K-rich rock, possibly formed from felsic or granitic magmas, not
otherwise represented in the HED meteorite suite. The GRaND K
data do not exclude the possible presence of K-rich lithologies;
however, the K/Th ratio is inconsistent with this hypothesis
(Fig. 5).
The whole-body K/Th ratios for Vesta and the HEDs are com-
pared to the terrestrial planets in Fig. 6. The terrestrial planets
and their surviving building blocks, including Vesta and other
achondrite parent bodies, are depleted in moderately volatile ele-
ments relative to refractory elements in comparison to CI chon-
drites. For the condensable elements, the CI chondrites have
similar composition to the solar photosphere (Lodders, 2003)
and, hence, the primordial solar nebula. Eucrites and diogenites
generally have low abundances of moderately volatile elements,
including all of the alkali elements, relative to refractory incompat-
ible elements such as Th (e.g. Mittlefehldt, 1987). Depletion of
these elements may have occurred during primary accretionand/or in subsequent processes on the HED parent body, including
degassing of magmas and devolatilization by impact heating (e.g.,
Mittlefehldt, 1987; Schiller et al., 2010).
Based on Rb–Sr systematics, Hans et al. (2013) argued that the
eucrite parent body accreted rapidly and early from
volatile-depleted dust that condensed from a hot solar nebula.
Early accretion is also implied by the presence of fossil 26Al in
eucrite and diogenite samples (e.g. McSween et al., 2011; Schiller
et al., 2011). Depletion of moderately volatile elements may have
been enhanced by removal of the residual volatile-rich nebular
gas from the inner Solar System or by local enrichment of
volatile-poor dust grains by turbulent convection (Hans et al.,
2013). Similarly, accretion of materials at high temperature proba-
bly limited the accumulation of moderately volatile elements in
the bulk Moon, which is highly depleted in K compared to Earth
(Stewart et al., 2013; Fig. 6).
The Moon is thought to have condensed at high temperature
from an accretion disk following a giant impact with the
proto-Earth, resulting in a paucity of moderately volatile elements
(e.g. Hartmann and Davis, 1975; Stewart et al., 2013). The small
size of Vesta would argue against an impact origin for volatile
depletion. Unless the velocity of the impactor were very high, the
potential energy contributed by collision would be insufﬁcient to
melt large portions of Vesta (e.g. Davison et al., 2012). On the other
hand, it is also possible that Vesta lost its volatiles during the phase
of high-temperature magmatism. If this were the case, similarity in
the isotopic composition of K in eucrites and other chondritic
meteorites (Humayun and Clayton, 1995) would require sufﬁcient
vapor pressures and/or and time to equilibrate gaseous potassium
with the liquid/solid residues. At present, the volatile degassing
mechanism posited by Mittlefehldt (1987) is not favored.5. Conclusions for Vesta and prospects for Ceres
Based on a new analysis of the full gamma ray data set acquired
by GRaND, while in close proximity to Vesta, K and Th have
been detected and quantiﬁed. Global regolith concentrations
of K and Th are consistent with howardites, basaltic- and
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achondrites, all chondrites and martian meteorites, thus strength-
ening the connection between Vesta and the HEDs. The results are
consistent with previous analyses of major element ratios, which
broadly overlap the HED ﬁeld; however, if the K and Th ratios
are accurate within the estimated uncertainties, then Vesta’s global
regolith, within the uppermost layer seen by GRaND, is eucrite-rich
in comparison to the average howardite composition. The K/Th
ratio of Vesta (900 ± 400) is a close match to the average ratio for
howardites. The quoted uncertainty includes an estimate of sys-
tematic errors, which dwarf the propagated statistical uncertain-
ties (Table 3). The relatively high depletion of moderately volatile
elements implied by this ratio in comparison to all other terrestrial
bodies, except the Moon, suggests that Vesta formed early at high
temperature from an incompletely condensed nebula and/or, less
likely, that Vesta’s volatiles were removed later by energetic colli-
sions or degassing of magmas.
The data reduction and analysis methods, including the conver-
sion of peak areas to radioelement abundances, can be applied
directly to data acquired at Ceres; however, it is likely that
improvements in understanding of backgrounds and calibration
procedures will occur before GRaND begins low-altitude opera-
tions planned for December of 2015. Th concentrations may be
below detection limits if Ceres’ composition is chondritic, in which
case, K can be used to distinguish between carbonaceous- and
other-chondrites (Fig. 5). Elevated concentrations of K may be
observed if Ceres regolith contains aqueous alteration products,
such as bucite or briny deposits from a subsurface ocean.
Foundering of Ceres’ crust, which is more likely at warmer equato-
rial latitudes, may result in deposition of oceanic materials on the
surface (Castillo-Rogez and McCord, 2010; Prettyman et al., 2011).
Emission of water vapor by cryovolcanism or sublimation may be
occurring at mid-latitudes (Küppers et al., 2014). Strong, regional
enhancement in K in association with plume activity or increased
K at low-mid latitudes relative to polar regions may indicate a deep
subsurface oceanic source.Acknowledgments
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mous reviewer, which helped improve the manuscript.Fig. A1. Geometry for calculating the leakage current of uncollided gamma rays
from radioactive decay.Appendix A. Analytic model of gamma ray counting rates from
radioactive decay
An analytic expression (Eq. (3)) for the full energy interaction
rate (FEIR) of gamma rays with GRaND’s BGO crystal is derived
and veriﬁed. The gamma rays are produced by the decay of
radioelements within Vesta’s regolith. The expression enables
direct conversion of measured FEIRs (net counts per second in
the gamma ray full-energy peak) to concentration of the selected
radionuclide in micrograms per gram regolith. Model parameters
are tabulated for principal gamma rays produced by the decay of
K and Th. The expression can be compared with other analytic
models (e.g. semi-inﬁnite slab model of Reedy et al., 1973), and
can be applied to model gamma rays from other radioelements,
planetary bodies, and spectrometers for which the detection efﬁ-
ciency is well-characterized.A.1. Gamma ray production rates
The production rate of gamma rays for a radioelement is given
by




where y is the yield (gamma rays per disintegration) of the gamma
ray of interest (e.g. for the 1.4608 MeV gamma ray from the decay of
40K), k is the decay constant for the parent radioisotope
(k ¼ ln 2=T1=2, where T1=2 is the half-life of the parent radioisotope),
and the quantity in parentheses is the number of atoms of the par-
ent radioisotope per gram of regolith. The latter is given by the pro-
duct of the weight fraction W (g/g) of the radioelement (e.g. K), the
isotopic abundance f (mass units) of the parent radioisotope (e.g.
40K), and the ratio of Avogadro’s number NA ¼ 0:6022 1024
(atoms/mol) to the atomic mass A (g/mol) of the parent
radioisotope.
For Th and U, principle gamma rays originate from daughters
products in their respective decay series. For example, the stron-
gest gamma ray for Th originates from the decay of 208Tl
(Ec = 2.6146 MeV). In this case, the yield y refers to the number
of 2.6146 MeV gamma rays produced per disintegration of 232Th.
Reedy (1978) calculated yields for gamma rays produced by K,
Th, and U, assuming the daughter products are in secular equilib-
rium with the parent. Since secular equilibrium is assumed, the
decay constant in Eq. (A1) is that of the parent isotope (e.g. 232Th).
A.2. Gamma ray leakage current
For the purpose of estimating the gamma ray leakage current,
the planetary regolith can be modeled as a homogeneous,
semi-inﬁnite slab (Fig. A1). The number of gamma rays emitted
from the surface per unit area (the leakage current) can be deter-
mined as a function of emission direction, X^. For a homogeneous
regolith, the leakage current angular distribution is azimuthally
symmetric and depends only on the cosine w of the emission angle
relative to the surface unit outward normal n^. The leakage current
is determined by summing the contribution of gamma rays emit-
ted from all points within the slab to gamma rays crossing through
a differential surface element d S
*
¼ n^ dA (cm2), accounting for their
divergence and attenuation. Using spherical coordinates, the pro-
duction rate of gamma rays within an arbitrary differential mass
with coordinates ðw; rÞ is given by
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where r has units of areal density (g/cm2) for consistency with the
production rate, which has units of gamma rays per gram (Eq. (A1)).
Assuming isotropic emission, the contribution of gamma rays
emitted from dP to the ﬂux of gamma rays at the surface is,
d/ ¼ dPelr=4pr2 where l is the mass attenuation coefﬁcient of
gamma rays, which depends on gamma ray energy. The contribu-
tion of the differential mass to the number of gamma rays passing
through the differential surface element is
dj ¼ ðd/X^Þ  d S
*
¼ d/X^  n^ dA ¼ dPwelr=4pr2dA ðA3Þ
The leakage current can be determined by integrating the con-
tributions from all points in the regolith for a selected emission
cosine. Combining Eqs. (A2) and (A3), rearranging terms, dividing










Note that the current density j varies linearly with the cosine of the
emission angle. The total number of gamma rays emitted per unit








Since the gamma rays are emitted into 2p steradians, the cur-




The total current (Eq. (A5)) can be obtained by integrating Eq.
(A6) over all azimuthal angles (0 to 2p) and emission cosines (0
to 1).
A.3. Flux of gamma rays at the detector
The ﬂux of gamma rays at the detector can be obtained by inte-
grating the emission contributions from all portions of the surface








where Sv denotes the set of points on the surface visible by GRaND,
dA is a differential surface area, n
_
is the unit outward surface normal
for dA, and X^ is the direction from dA to GRaND. The leakage current
j has units of gammas/steradian/cm2/s (Eq. (A6)). Substituting Eq.

















Note that the integral in Eq. (A8) gives the solid angle of the pla-
net in steradians, denoted X (e.g. Prettyman et al., 2011). Then, the




P=l ¼ 2J X
2p
ðc-rays=cm2=sÞ ðA9Þ
The solid angle of the planet can be calculated from a shape
model using methods outlined by Prettyman et al. (2011, 2012).
For a spherical body, a simple analytical expression is available







ðA10Þwhere R0 is the radius of the planet and R is the orbital radius, con-
sistent with the maximum solid angle of 2p for a planetary surface
as viewed by an orbiting spectrometer.
A.4. Full energy interaction rates within the BGO crystal
The counting rate is given by the product of the ﬂux and the
efﬁciency-area product, eA, of the detector for the interaction of
interest. The efﬁciency-area product for full-energy gamma ray
interactions was determined by Prettyman et al. (2011) as a func-
tion of gamma ray energy and incident direction. For gamma rays
at normal incidence (e.g. gammas arriving along GRaND’s Z-axis),
the efﬁciency-area product is given by
log10ðeAÞ ¼ 0:4028log310ðEÞ  0:6143log210ðEÞ
 0:164log10ðEÞ þ 1:3643 ðcm2Þ ðA11Þ
where E is gamma ray energy in MeV (Prettyman et al., 2011).
Experiments show that the angular variation of eA is ﬂat within
roughly ±30 of the Z-direction (cf. Fig. 18 of Prettyman et al.,
2011). The half angle extent of a planetary body as seen by an orbit-
ing spectrometer is, h1=2 ¼ sin1ðR0=RÞ which for Vesta Low Altitude
Mapping Orbit (LAMO) was about 34 (R0 = 262 km and
R = 471 km). The measurement geometry for Ceres is expected to
be similar to that of Vesta. Thus, the angular dependence of the inci-
dent radiation can be ignored in estimating the FEIR for both targets
of the Dawn mission. With this approximation, the FEIR is given by
FEIR ¼ /DeA ðcounts=sÞ ðA12ÞA.5. Veriﬁcation
1. The total current for the 1.4608 MeV gamma ray from 40K, as
determined by Eq. (A5), gives the same result as calculations
by Prettyman et al. (2006): the production rate of gamma rays
within a 300 g/cm2 column was 0.0312 gammas/cm2/
32 s/(lg/g K). The leakage probability for 1.4608 MeV gamma
rays was calculated by Prettyman et al. (2006) via Monte
Carlo to be 1.607  102 gamma rays per gamma ray produced
within the 300 g/cm2 surface layer. Thus, the leakage current
predicted by Prettyman et al. (2006) was 1.57  105
gammas/cm2/s/(lg/g K), very close to the value estimated using
Eq. (A5) (1.521  105, see Table A1).
2. The orbital transport portion of the calculation is easily
cross-checked using a Monte Carlo simulation. For example,
the ﬂux of gamma rays arriving at a point detector outside a
unit sphere (R0 = 1 cm) can be calculated via MCNPX (Fig. A2),
in which particles (photons) are sampled uniformly over the
area of the sphere within in a void. The emission distribution
speciﬁed in the input ﬁle is, by default, linear in the cosine of
the emission angle relative to the outward surface normal at
the emission site, as was assumed in the derivation of Eq.
(A9). Thus, J ¼ 1=4p cm2 such that the number of particles
crossing the outer sphere (as measured by the F1 tally of
Fig. A2) per particle emitted is 1. The point detector is located
at R = 2 cm such that X=2p ¼ 0:134 (Eq. (A10)). Thus, Eq. (A9)
predicts a ﬂux of 2.13  102 gammas/cm2/source-particle at
the point. The MCNPX calculation (F5 tally, Fig. A2) gives the
same result: (2.1262 ± 0.0056)  102.
A.6. Model parameters
Predicted FEIRs for the principal gamma rays for K and Th are
provided in Table A1 for an orbital altitude of 209 km around
Vesta (mean volumetric radius of 262 km). Extra ﬁgures are carried
in order to ensure calculational precision. The accuracy of the
Table A1
Numerical values for model parameters used in the calculation of gamma ray full
energy counting rates from concentrations of K and Th in Vesta’s regolith.
K Th
Parent isotope 40K 232Th
Atomic mass (g/mol) 39.96 232.04
Isotopic abundance, f (g/g) 1.196  104 1
Half life (years) 1.27  109 1.40  1010
Decay constant,a k (s1) 1.7292  1017 1.56893  1018




Yield (gammas/disintegration)b 0.1048 0.36
Production rate,c P (Eq. (A1)) (gammas/
s/g-regolith per lg/g-radioelement)
3.266  106 1.466  103
Attenuation coefﬁcientd (cm2/g) 0.0537 0.0403
Leakage current, J (Eq. (A5)) (gammas/
cm2/s/(lg/g))
1.521  105 9.093  103
Fluxe (Eq. (A9)) (gammas/cm2/s/(lg/g)) 5.140  106 3.074  103
Efﬁciency-area product (Eq. (A11)) 21.01 16.52
FEIR in Vesta LAMO (Eq. (A12)) (counts/
s/(lg/g))
1.080  104 5.077  102
a k ¼ ln 2=T1=2 and there are 3.15569  107 s per year.
b From Table 2 of Reedy (1978). The yield is gammas per disintegration of the
parent isotope.
c The production rate was calculated for W = 1  106 g/g (Eq. (A1)).
d NIST ordinary concrete was used as analog for planetary regolith materials
(http://physics.nist.gov/PhysRefData/XrayMassCoef/tab4.html). Values were lin-
early interpolated from E = [1, 1.25, 1.5, 2., 3] (MeV) and l = [6.50  102,
5.81  102, 5.29  102, 4.56  102, 3.70  102] (cm2/g).
e The factor X=2p was determined for Vesta LAMO to be 0.169 (R0 = 262 km,
R = 471 km, Eq. (A10)).
Fig. A2. MCNPX input deck used to validate the orbital transport calculation.
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tainties in the efﬁciency-area products for GRaND, which are accu-
rate to within 10%.Appendix B. MCNPX simulations of gamma ray spectra
The interaction of galactic cosmic rays (GCR) with regolith
materials and the production of secondary particles, including neu-
trons and gamma rays, were modeled by the general-purpose
Monte Carlo radiation transport code MCNPX (Pelowitz, 2011),
with modiﬁcations speciﬁcally developed for planetary science.
Vesta was modeled as an equivalent-volume sphere with uniform
composition. Mixtures of howardite and carbonaceous chondrite
were simulated (see text). The sphere was immersed in an isotro-
pic source of GCR protons and helium ions with energy distribu-
tions given by O’Neill (2010).
The current of gamma rays and neutrons leaking from the sur-
face of the sphere was tallied as a function of energy and angle. The
gamma ray current was further subdivided into elemental compo-
nents and selected nuclear reactions using a new tally tagging
capability. MCNPX was modiﬁed so that photons and their progenycould retain a ‘‘memory’’ of their origin in neutron-induced nuclear
reactions. This new capability provides an alternative to the stan-
dard MCNPX treatment of tagging photons at their last production
interaction, such as bremsstrahlung, pair production, or photoelec-
tric ﬂuorescence. The new feature enabled modeling of discrete
gamma rays and continuum produced by any selected neutron
reaction type and target element. A similar capability was used
by Prettyman et al. (2006) to model elemental spectral compo-
nents for unmixing of BGO spectra. The simulation of leakage cur-
rent components for radioelements K, Th, and U followed
Prettyman et al. (2006).
The response of GRaND to each component of the leakage cur-
rent was modeled in a second wave of MCNPX calculations. A
detailed instrument model, developed by Prettyman et al. (2011),
was used. The spacecraft was not modeled. The source was mod-
eled as a disc, normal to the instrument + Z axis and intervening
between the instrument and Vesta. The position and diameter of
the disk was selected so that any radiation emitted from Vesta
would have to pass through the disk to reach the instrument.
The energy-angle distribution of radiation on the disc was deter-
mined analytically from the leakage current calculated in the pre-
vious step. Particle position was sampled uniformly on the disc.
The photon pulse-height distribution for the BGO scintillator was
tallied in anticoincidence with the other sensors. The pulse height
distribution, which included both uncollided and collided compo-
nents, was convolved with the Gaussian, scintillator resolution
function. The energy dependence of the resolution function
(FWHM) was modeled as a logistic function with parameters deter-
mined from the difference spectrum (see Section 2.3). This process
was repeated for each component of the leakage current, including
neutrons and tagged gamma rays (see Fig. 2).
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